Abstract-This paper presents a new actuator based on a unimorph piezocantilever and on the thermal bimorph principle, called hybrid thermopiezoelectric actuator. The main advantage of the proposed actuator is the high range of positioning from the thermal actuation and the high resolution and bandwidth from the piezoelectric one. A characterization and linear modeling are proposed. Finally, we propose an adapted control law to manage the two possible actuation types.
I. Introduction
In micromanipulation and microassembly, the actuators (called microactuators) are designed differently from classical actuators in order to fulfil the required performances. These microactuators should perform high resolution and high accuracy (often submicrometric), sometimes a quick settling time, and finally a high range of positioning. So, instead of using hinges, smart/active materials (piezoelectric, thermal deformation based, shape memory alloy, electrostatic, etc.) are used to design microactuators.
One of the well appreciated smart materials for microactuators is the piezoelectric material. For instance, it has successfully been used to develop Atomic Force Microscopes (AFM) [1] , stepper microactuators and microrobots such as stick-slip ones [2] [3] [4] , linear microactuators such as piezocantilevers and microgrippers [5] [6] [7] , and ultrasonic (with progressive wave) micromotors [8] . In fact, piezoelectric microactuators offer nanometric resolution, a low settling time (in the order of some milliseconds if controlled [9] ) and a high force density. Nevertheless, the positioning range of piezoelectric microactuators is very limited. Two possibilities exist for the range amplification. The first consists in applying higher input voltages but this method can depolarize or destroy the microactuators. The second one consists in optimizing the microactuator design [10] but this can lead to complex structures that are often difficult to fabricate.
Contrarily to piezoelectric microactuators, thermal ones offer a high range of displacement. They were successfully used to design microgrippers and micropositioning devices [11] [12] [13] . The well known principle of the thermal microactuator is the thermal bimorph. It is a cantilever based on two layers of different thermal expansion coefficients. When subjected to a temperature variation, the two layers differently expand (or contract) and then resulting in a bending of the cantilever. Despite the slow response time of thermal microactuators, they are well adapted to micromanipulation and microassembly tasks.
In this paper, we propose a new microactuator that combines the thermal bimorph principle and the piezocantilever microactuator. In fact, temperature has been considered as external disturbance to be rejected for piezoelectric actuators [14] , while in this paper, we will show that it can be used as a benefit. The proposed microactuator, called hybrid thermo-piezoelectric, will benefit the high range of displacement from the thermal bimorph and the high resolution from the piezocantilever. Therefore, it can be used to do both large displacement and fine positioning, which are required in micromanipulation and microassembly. After characterizing and modeling the hybrid microactuator, we propose a simple control law that well manages these two positioning modes.
The paper is organized as follows. We present the principle and the developped microactuator in section-II. Section-III is dedicated to its characterization and modeling. Finally, we introduce the controller design and closed-loop experimental results.
II. Presentation of the hybrid microactuator A. Principle
Consider a unimorph piezocantilever which is made up of a piezoelectric layer and a passive layer ( Fig. 1-a) . When submitted to an electrical field, the piezolayer expands (or contracts), resulting a global bending of the cantilever (Fig. 1-b) . The unimorph piezocantilevers could also be employed as thermal bimorphs. When subjected to a temperature variation, the two layers expand (or contract) with different amounts resulting a bending of the cantilever (Fig. 1-c) .
The two previous (piezoelectric and thermal bimorph) principles are used to design a hybrid microactuator. If the electrical excitation is easy to manage, the thermal one is more delicate. Indeed, there are many contrains on the thermal signal generation:
• thermal signal is not easy to precisely provide, • overshoots on temperature variations may lead to the destruction of the microactuator, • and finally, to obtain two directions of deflection (positive and negative), both heating and cooling in ∆T should be used.
To account these constrains, we propose to use a small Peltier module, also called ThermoElectric Cooler (TEC) device. Its main advantages refer to the use of electrical (current) input signal, making standard the control, and the possibility of both cooling and heating easily. For instance, TEC-device has been successfully used to the design of special microactuators for liquid medias [15] . In our case, one side of the TEC-device is used to embed the unimorph piezocantilever while the other side is placed on a cooling block (Fig. 2 ). This cooling block is used to efficiently transfer the heat from the TEC-device and piezocantilever during the heating/cooling. The piezocantilever is based on soft PZT -layer (Lead Zirconate Titanate ceramic PIC151) and a copper -layer. Aluminium is used for the cooling block. Finally, we use a standard TEC-module (PE-011-05-15 from Supercool [16]). The sizes of the hybrid microactuator are summarized in Table I .
B. Experimental setup
The setup, pictured in Fig. 3 , is composed of:
• the hybrid thermo-piezoelectric microactuator (piezocantilever, TEC-device and cooling block), 
III. Characterization and modeling
In this section, we characterize and model the whole hybrid microactuator. The systemic scheme of the microactuator is shown in Fig. 4 . Two inputs are considered: the TEC current i which causes a temperature change ∆T = T − T a , and the voltage U . Ambient temperature T a is considered to be constant and, without loss of meaning, we shall use T instead of ∆T for the sequel. Smits and Choi [17] shows that the static relation between the output deflection δ of a unimorph piezocantilever and its two inputs U and T is affine:
where d p is a piezoelectric coefficient and f T δ is a thermomechanical coefficient. The latter especially depends on the thermal coefficients of the two layers.
On the other hand, the relation between the temperature T provided by the TEC-device and the current i is nonlinear [18] . But, assuming a small variation of i, a linear approximation is sufficient: T = f iT i, with f iT a linearization coefficient of the TEC-device. We finally have:
where
The previous equation is for the static mode. In order to account the dynamic behavior, we will generalize the formulation such as the dynamic part D p (s) of the piezoelectric effect is different from D T (s) of the thermomechanical effect. s denotes the Laplace variable. So:
with D p (0) = 1 and D T (0) = 1 for normalization. In the sequel, we will characterize and identify the dynamic model expressed by (equ 3).
A. Thermomechanical part
First, we analyze the thermomechanical part δ = f p D T (s)i. The first experiment consists in applying a step input of i = 0.1A to the hybrid microactuator. From the step response, the static gain f p and the normalized dynamic D T (s) are identified. A first order model is sufficient. We have:
inside which f p = 1200[µm/A]. Afterwards, different values of step inputs (i = 0.05A and i = 0.025A) are applied to the identified model and to the real system. The comparison, pictured in Fig. 5 , shows that the identified model well characterizes the behavior of the thermomechanical part, except the static gain obtained for i = 0.05A. In fact, the static part is slightly nonlinear due to the characteristic of the TEC-device. However, for the purpose of controller design, we admit that the proposed linear approximation is sufficient (see Fig. 6 , dashed line for the simulation of δ = f p i, solid line for the experimental result). 
B. Piezoelectric part
We now characterize the piezoelectric part δ = d p D p (s)i. A step input voltage U = 40V is first applied. From the experimental step response, the model d p D p (s) is identified using an ARMAX method. Fig. 7 shows the comparison of the experimental result and the model simulation. We have: To sum up, the behavior of the hybrid microactuator is affected by some nonlinearities but we propose to use the linear approximation for easiness of controller design.
IV. Closed-loop control
In this section, we design a controller for the hybrid microactuator. The aim is to improve its performances in order to adapt them to the requirements of micromanipulation/microassembly tasks. For instance, the positioning or assembly of a micro-object takes two steps:
• first, a coarse positioning is performed by the hybrid microactuator. It consists in pushing or positioning the micro-object at a long distance without a special accuracy. The thermomechanical part of the hybrid microactuator can be used for that; • afterwards, the fine positioning is performed thanks to the high resolution of the microactuator's piezoelectric part. Furthermore, the low response time characteristic can also be used for high speed control of manipulation force during an assembly or microgripper holding cases. For these reasons, we propose using a simple and effective hybrid control law, making possible the switch between the coarse and fine positioning modes. Here, hybrid control means that continous and discrete aspects are present. The discrete states are composed of the two positioning modes. Let us first design the dynamic (continous) controller of each mode.
A. Coarse positioning mode
In this sub-section, the thermomechanical part is con- Fig. 9 -a gives the closed-loop scheme where δ r is the reference input. The controller gains were adjusted using the Ziegler-Nichols tuning method, whose results were sufficient for our applications. We get: K 
B. Fine positioning mode
When the distance between the reference input δ r and the output δ becomes less than a defined value δ U max , the fine positioning mode is activated and the piezoelectric part is controlled. The constant value δ U max gives the maximum range within which the piezoelectric part works. Fig. 9-b shows the corresponding closed-loop scheme.
was used for the fine positioning mode. The aim is to ensure the precision (by the integral action) and to damp the vibration seen in Fig. 7 (by the derivative action) . Once again, a Ziegler-Nichols tuning method was efficient to obtain the expected performances. We have:
−3 and the time constant τ f of the filter is chosen to be τ f >> K U d .
C. Complete control
To bring together the control of the two previous modes in one scheme, we propose the scheme presented in Fig. 10 . In the proposed scheme, the controller Σ is defined by: The controllers were implemented. Based on Fig. 8 , we choose δ U max = 7µm. Its choice depends on the maximum possibility of the piezoelectric actuation. A series of reference input steps (δ r = ±100µm and δ r = ±50µm) were applied at different instants. Fig. 11 -a show how the output δ successfully reaches the reference. In order to see the functionning of the two modes, the current i and the voltage U were also recorded and plotted (Fig. 11-b and -d. Finally, Fig. 11-c shows the temperature applied by the TEC-device to the piezocantilever and measured with the thermistor. When the distance between δ r = 100µm and the output is large δ is large (for example, see for t < 10s), i evoluates. From t ≈ 10s, the current i becomes constant and the voltage U starts to evoluate as δ becomes less than δ U max = 7µm. Fig. 12 is a zoom of a step response for δ r = 100µm. It shows more clearly the switching to the fine positioning mode.
V. Conclusion
The aim of this paper was the presentation of a new microactuator type based on the thermal bimorph principle and a piezoelectric cantilever, called hybrid microactuator. The main advantage is the combination of the large displacement obtained with the thermal actuation and the high resolution and high speed obtained with the piezoelectric actuation. To provide the thermal excitation, a Peltier (TEC) device was used. Hence, the hybrid microactuator can perform both coarse and fine positionings that are often required in micromanipulation and microassembly tasks. Roughly, it was shown that initial piezoelectric actuation range is improved by a factor of 4×. The second part of the paper was dedicated to a characterization and modeling of the hybrid microactuator. In the purpose of the design of a simple and efficient controller, a linear model was proposed. Afterwards, we proposed an adapted control law, which is hybrid, to manage the coarse and the fine positioning. Finally, experimental results performed at ±100µm of displacement, show the efficiency of the proposed control law and foresee that such a microactuator is very interesting for tasks in the micro-world. Future works will be dedicated to the design, control and task applications of a microgripper based on the presented hybrid microactuator principle.
